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First-principles total energy calculations on tetragonal MnAu superlattices are performed by means
of the self-consistent full-potential linearized augmented-plane-wave method under the generalized
gradient approximation. It is shown that the stability of the spin configuration strongly depends on
the lattice distortion due to its competitive nature. Using Monte Carlo simulations with exchange
parameters deduced fromab initio results, finite-temperature magnetism is also studied and a
magnetic phase diagram connected with lattice distortion is obtained. ©2001 American Institute





























ullyMn-based systems have recently received much atten
both experimentally and theoretically.1 For a Mn/Ag super-
lattice, low-energy electron diffraction reveals a very sha
p(131) chemical cell pattern, implying in-planec(232)
antiferromagnetic order.2 For Mn–Au alloys, much experi-
mental work has been reported that has showed a rich va
of interesting magnetic properties: MnAu4 is ferromagnetic,
with Curie temperature ofTc5373 K,
3 and MnAu3,
Mn2Au5, and MnAu are antiferromagnetic with Ne´el tem-
peratures ofTN5140,
4 354,5 and 513 K,6 respectively. More-
over, MnAu2 has a helical magnetic structure withTN
5365 K.3 Although several theoretical studies have be
performed on the ground state properties of Mn/Ag syste
with great success,7–11 the finite-temperature magnetism
Mn-based systems, which is even more interesting and c
plex, remains a great challenge to theoretical researcher
Tremendous success has been achieved, on the
hand, for calculations of finite-temperature magnetism
cently. Rosengaard and Johansson12 calculated the Curie
temperatures of ferromagnetic body-centered-cubic~ c ! Fe,
fcc Co and Ni using Monte Carlo~MC! simulations with the
exchange parameters deduced fromab initio results of total
energies for different configurations. Zhouet al.13 used a
similar procedure to study the magnetic phase transition
face-centered-cubic~fcc! Fe and Mn antiferromagnets. Mor
recently, it was shown that such anb initio-MC method also
works well for low-dimensional magnetic systems.14
In this letter, we report a systematic study of the fini
temperature magnetism of a tetragonal MnAu system ba
on the ab initio-MC approach described above. First, t
total energies of several collinear spin configurations are
culated by means of the self-consistent full-potential line
ized augmented-plane-wave~FLAPW! method15 under the
generalized gradient approximation.16 Then, the exchange
parameters in a classical Heisenberg model are extra
a!Electronic mail: wjt@imr.tohoku.ac.jp1500003-6951/2001/79(10)/1507/3/$18.00














from theab initio results. Finally, the finite-temperature ma
netism is studied using MC simulations with the exchan
parameters obtained, and a phase diagram of the mag
configuration versus lattice distortion is given.
The crystal structure of MnAu used here is a tetrago
L10 ordered structure, which also can be reduced to a
ragonally distortedB2 type structure with a 45° rotation in
the ~001! plane as shown in Fig. 1. In order to find the mo
stable magnetic states and equilibrium lattice parameters
total energy as functions of the volume and lattice distort
c/a ratio are calculated for one ferromagnetic~FM! and five
antiferromagnetic~AF! spin configurations, as reported i
our previous paper.10 The lattice distortionc/a ratio is
changed from 0.672 to 1, over bcc~ /a51/& or c0 /a051!
and fcc(c/a51) lattice structures. Here,c anda are the out-
plane and in-plane lattice parameters of the fcc-likeL10 or-
dered superlattices;c05c and a05a/& are lattice param-
eters of the bcc-likeB2 type structure. The radii of the
muffin-tin spheres are set to 1.27 Å for Mn and to 1.38 Å f
Au, respectively. The energy cutoff parameterRMTKmax
58.0 ~in a.u.! is fixed. When going from the single~FM,
AF1, AF4! to the double~AF2, AF3, AF5! unit cell, to gain
the same accuracy, the number ofk points in the irreducible
Brillouin zone is set to 45–156, keeping the same densit10
Convergence of the total energy and the charge is caref
checked throughout this calculation.
FIG. 1. Crystal structure ofL10 (B2) MnAu systems. The Mn sites are
marked by numbers.7 © 2001 American Institute of Physics



























1508 Appl. Phys. Lett., Vol. 79, No. 10, 3 September 2001 Wang, Wang, and KawazoeThe calculated total energies are shown as the funct
of volume with fixedc/a ratio in Fig. 2~a! and ofc/a ratio
with fixed volume in Fig. 2~b!, respectively. It is interesting
to note that the most stable state on the fcc side is A
similar to theL10 MnAg system reported in our previou
paper.10 On the bcc side, the most stable states are AF4
AF3, consistent with experimental findings.17 According to
the present results, shown in Fig. 2~a!, the B2 structure is
energetically more stable than theL10 one, however, the
energy ofL10 MnAu is only 0.1 mRy higher, indicating tha
it might be fabricated artificially like the FeAuL10 superlat-
tice reported by Takanashiet al.18 By total energy minimiza-
tion, the lattice constants are estimated to bea053.183 Å
and c053.283 Å ~16.631 Å
3 per atom! for B2 MnAu with
AF4, which is very close to thea053.18 Å and c0
53.28 Å ~16.58 Å3 per atom! of the experimental values,17
and a54.070 Å andc53.928 Å ~16.269 Å3 per atom! for
L10 with AF2 magnetic states. The calculated magnetic m
ments on Mn sites are about 3.86 and 3.93mB for L10 andB2
MnAu, respectively, close to the 4.0mB of experimental
values.2,17 Comparisons between theory and experiments
summarized in Table I.
In Fig. 3, the exchange parametersJ are shown as the
functions of thec/a ratio. We consider here nearest neighb
and next nearest neighbor interaction for the in-plane~J1 and
J2! pairs and the interaction among the first three interla
(J1L ,J2L ,J3L) pairs. These parameters are deduced from
following equation by counting the number of antiparal
pairs in one unit cell in the five AF states:10
FIG. 2. Relative total energy as a function of the atomic volume andc/a
ratio for tetragonal MnAu systems for~a! L10 ~AF2! with c/a50.965 and
B2~AF4! with c0 /a051.03 of the experimental data~Ref. 17! and ~b! dif-
ferent magnetic states given in Fig. 1, plotted for the volume fixed at 16
Å3/atom of the experimental data~Ref. 17! c/a51/& and 1 correspond to
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Here,EAF and EFM are the total energy of the AF and FM
magnetic states given in Fig. 2~b!. It is shown that the intra-
plane exchange parameters (J1 ,J2) and the interplane one
(J1L ,J2L ,J3L) generally have opposite dependences on
c/a ratio. However, since the volumeV5ca2 is kept con-
stant when varying thec/a ratio, we finally find that they
have the same dependence on the interatomic distance—
closer the two atoms are to each other, the more antife
magnetic the coupling becomes. This is easy to unders
since Mn has a 3d shell close to half filled, favoring AF
coupling. Within the bcc limit withc/a51/&, J15J1L and
J25J2L , in accordance with simple cubic crystal symmet
Within the fcc limit, although in-planeJ2 and interplaneJ1L
have the same coupling distance, they are not the same
to different magnetic environments.
Using the exchange parameters given in Fig. 3, class
MC simulations based on a Heisenberg model were p
formed to study the finite-temperature magnetism of su
MnAu systems. The computational details can be fou
elsewhere.14 In Fig. 4~a!, as an example, the energy correl
tion as a function of temperature forc/a51/& and 0.92 is
shown. The magnetic phase transition temperature can
8
TABLE I. Calculated lattice parameters~a, andc for L10 anda0 , andc0 for
B2!, magnetic moment~integrated over the Mn muffin-tin radius of 1.27 Å!,




a or a0 ~Å! 3.183 4.070 3.18
c or c0 ~Å! 3.283 3.928 3.28
Volume ~Å3/atom! 16.631 16.269 16.58
Moment (mB) 3.86 3.93 4.0
TN ~K! 528 946 513
aReference 17.
FIG. 3. Exchange parameters as functions of thec/a ratio.J1 , J2 , J1L , J2L,
and J3L are the interactions among pairs 1–3, 1–2, 1–5, 1–7, and 1
respectively, shown in Fig. 1.











































1509Appl. Phys. Lett., Vol. 79, No. 10, 3 September 2001 Wang, Wang, and Kawazoeevaluated easily from the energy correlation which is prop
tional to the product of the specific heat and temperat
squared. With allTN’s obtained, the phase diagram for ma
netic states versus lattice distortionc/a is presented in Fig.
4~b!. It can be seen thatTN is a decreasing function ofc/a
for c/a,1/& over the AF3 range and an increasing functi
for c/a.1/& over the AF4 and AF2 ranges. A minimum
exists at the bcc limit. The increase ofTN in the AF4 and
AF2 regions is governed by the enhancement of intrapl
AF interactions (J1 ,J2) since the intraplane atomic distanc
decreases asc/a increases. On the other hand, in the A
region, the interplane interaction becomes more importan
c decreases, which explains the decreasing behavior in
region. Thus between these two regions there must b
minimum. TN for B2 MnAu with a053.183 Å and c0
53.283 Å is estimated to be 528 K which is in fairly goo
agreement with the 513 K experimental value;6 TN for L10
MnAu with a54.070 Å andc53.928 Å is about 946 K,
which is close to the 975 K of theL10 MnPt ordered super
lattice reported by Kre´n et al.19 According to these results
we can see that theab initio-MC procedure seems to be goo
FIG. 4. Monte Carlo studies of MnAu superlattices.~a! Temperature depen
dence of the energy correlation withc/a50.92 and 0.707, obtained with
system 16316316, with Monte Carlo steps of 3000–5000.~b! Phase dia-






enough to capture the main physics of the MnAu antifer
magnetic system as well as those of the Fe ferromagn
systems.12,14
In summary, we have investigated both the ground s
and finite-temperature magnetism of MnAu superlattic
over the entire range of lattice distortion. Our calculation
consistent with the existing experiment within the bcc lim
and predicts more interesting properties for general lat
distortion which needs further experimental tests.
The authors would like to express their sincere thanks
the crew of the Center for Computational Materials Scien
of the Institute for Materials Research, Tohoku Universi
for their continuous support of the SR8000 supercomput
facilities. Special thanks go to Dr. L. Zhou of The Hon
Kong University of Science and Technology for his valuab
discussions. This study was performed through Special
ordination Funds of the Ministry of Education, Cultur
Sports, Science and Technology of the Japanese governm
One of the authors~D.-S.W.! was supported by Chines
PAN-DENG Project No. G1999032802.
1See, for example, a review issue by K. Fukamichi, Mater. Jpn.39, 790
~2000!.
2P. Schieffer, C. Krembel, M. C. Hanf, D. Bolmont, and G. Gewinner,
Magn. Magn. Mater.165, 180 ~1997!; P. Schieffer, C. Krembel, M. C.
Hanf, and G. Gewinner, Phys. Rev. B57, 1141~1998!.
3S. Abe, M. Matsumoto, H. Yoshida, S. Mori, T. Kanomata, and T. Kane
J. Magn. Magn. Mater.104–107, 2059~1992!.
4K. Sato, T. Hirone, H. Watanabe, S. Maeda, and K. Adachi, J. Phys.
Jpn.17, 160 ~1962!
5M. Matsumoto, S. Abe, H. Yoshida, S. Mori, T. Kanomata, and T. Kane
J. Magn. Magn. Mater.104–107, 2061~1992!.
6M. Matsumoto, T. Kaneko, and K. Kamigaki, J. Phys. Soc. Jpn.25, 631
~1968!.
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